Abstract. Our previous study showed that Duhuo Jisheng decoction (DHJSD) inhibited chondrocyte apoptosis by the mitochondria-dependent signaling pathway. Endoplasmic reticulum (ER) stress is upstream of the mitochondria-dependent signaling pathway and has been shown to promote chondrocyte apoptosis that occurs in osteoarthritis (OA). The present study aimed to evaluate whether DHJSD inhibits the chondrocyte apoptosis by regulating ER stress. DHJSD enhanced the viability of tunicamycin (TM)-exposed chondrocytes, a model of ER stress-induced apoptosis, in a dose-and time-dependent manner, as shown by MTT assay. The present results showed that DHJSD and sodium 4-phenylbutyrate (PBA), an ER stress inhibitor, reduced TM-induced chondrocyte apoptosis by 4' ,6-diamidino-2-phenylindole staining. To gain insight into the mechanisms of DHJSD that are responsible for enhancing the viability and inhibiting TM-induced chondrocyte apoptosis, the associated mRNA expressions and protein levels were detected by reverse transcription-polymerase chain reaction (RT-PCR) and western blot analysis, respectively. The results showed that the expression levels of Xbp1, Xbp1s and Bcl-2 were increased, and the expression levels of Bip, Atf4, Chop, Bax, caspase-9 and -3 were decreased in the TM-exposed chondrocytes treated with DHJSD or PBA compared with that in the TM-exposed chondrocytes. To identify the possible mechanisms, the expression of miR-34a was examined by the TaqMan microRNA assay, and was downregulated in the TM-exposed chondrocytes treated with DHJSD or PBA compared with that in the TM-exposed chondrocytes. DHJSD inhibits ER stress in chondrocytes induced by exposure to TM by downregulating miR-34a, suggesting that DHJSD may be a potential therapeutic agent for OA.
Introduction
Osteoarthritis (OA) is a progressive cartilage degradation skeletal disease characterized by the synthesis and degradation imbalance of extracellular matrix (ECM), resulting in a gradual loss of cartilage integrity (1) . The final common pathway of cartilage degradation arises from the failure of chondrocytes to maintain the homeostatic balance between ECM synthesis and degradation (2) . Chondrocytes are the only cell type resident in the cartilage and it has been demonstrated that the increasing number of chondrocytes undergoing apoptosis is significantly correlated with the severity of OA (3, 4) . Recently, endoplasmic reticulum (ER) stress was found to have a crucial role in apoptosis (5) , and is considered to be one of the most important risk factors for the pathology during OA progression (6) .
ER stress can initiate apoptosis by diverse stimuli. Upon ER stress, three sensors, protein kinase RNA-like ER kinase (Perk), activating transcription factor-6 (Atf6) and inositol requiring protein-1 (Ire1), are primarily activated, leading to the initiation of unfolded protein response (UPR). Persistent ER stress or UPR occurs from failure to correct the balance, which activates the cell apoptotic program (7, 8) , leading to caspase-mediated apoptosis (9) . ER stress has been shown to increase chondrocyte apoptosis and to decrease the proteins of ECM, including type II collagen and aggrecan, which cause a vicious cycle of cartilage degradation (10, 11) . Additionally, it has been demonstrated that microRNAs (miRNAs or miRs) are involved in survival and apoptosis (12, 13) , and miR-34a plays a pivotal role in chondrocyte apoptosis (14) . The effect of delaying chondrocyte apoptosis by regulating ER stress may be one of the therapeutic strategies to treat OA.
Duhuo Jisheng decoction (DHJSD), a traditional Chinese herbal formula, confers the effects of expelling wind-dampness, relieving numbness and pain, nourishing the liver and kidneys, invigorating qi-blood, and has been used for treating Duhuo Jisheng decoction inhibits endoplasmic reticulum stress in chondrocytes induced by tunicamycin through the downregulation of miR-34a OA and proved effective by relieving pain, reducing joint stiffness, and improving mobility and quality of life (15) . Previous studies have proven that DHJSD has potential cooperation and polypharmacology against OA, and could inhibit chondrocyte apoptosis by the mitochondria-dependent signaling pathway (16) . However, the mechanisms of how DHJSD inhibit the chondrocyte apoptosis by ER stress remain to be elucidated, which has limited its wider use. In the present study, the effects and cellular mechanisms of DHJSD were investigated on ER stress tunicamycin (TM)-induced chondrocyte apoptosis. Furthermore, the potential mechanisms of action of DHJSD on ER stress apoptosis were examined by measuring the expression of miR-34a. Logan, UT, USA) at a concentration of 10 mg/ml, and was subsequently filtered and stored at 4˚C. The quality control of the DHJSD extracts was analyzed by the contents of polysaccharides and coumarins using an ultraviolet (UV) spectrophotometer (Beckman Coulter, Inc., Brea, CA, USA). Concentration gradients of the glucose standard solutions (National Institutes for Food and Drug Control, China) and DHJSD were prepared and subsequently measured at 490 nm using phenol-sulphate colorimetry. A series concentration of osthole standard solutions (National Institutes for Food and Drug Control, China) and the DHJSD were dissolved in methanol, respectively, and detected at 320 nm.
Materials and methods

Preparation
Isolation, identification and treatment of chondrocytes.
The present study was approved by the Institutional Animal Care and Use Committee of Fujian University of TCM. Male Sprague-Dawley rats (4-week-old) were from Super-BK Laboratory Animal Co. (Shanghai, China). Chondrocytes were isolated from articular cartilage and cultured as previously described (17) . The second-passage (P2) chondrocytes cultured until ~80% confluency were used in the study.
Assessment of cell viability.
Chondrocytes were seeded at a density of 5x10 4 cells/ml in 96-well plates (100 µl/well) for 24 h. Subsequently, the medium was replaced with or without 2 µg/ml TM (Sigma-Aldrich, St. Louis, MO, USA) and a series of concentrations of DHJSD (50, 100, 200, 300 and 400 µg/ml) in the presence of TM, and incubated for 24, 48 or 72 h. Following treatment, 100 µl 1% 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma-Aldrich) replaced the medium. After incubation at 37˚C for 4 h, the supernatant was replaced with 150 µl dimethyl sulfoxide and shaked for 10 min. The optical density (OD) was analyzed by measuring at 490 nm using an enzyme-linked immunosorbent assay reader (BioTek, Winooski, VT, USA).
Experimental design. The cells were assigned to 4 groups as follows: untreated cells, TM-exposed chondrocytes, TM-exposed chondrocytes treated with 200 µg/ml DHJSD, and TM-exposed chondrocytes treated with 5 mM sodium 4-phenylbutyrate (PBA; Sigma-Aldrich), which was diluted in PBS.
Assessment of chondrocyte apoptosis by 4' ,6-diamidino-2-phenylindole (DAPI) staining. Following treatment, cells were washed with phosphate-buffered saline (PBS), and fixed with 4% neutral formaldehyde at 4˚C for 15 min. Subsequently, the cells were stained in 5 µg/ml DAPI for 5 min and washed 3 times with PBS, and were observed under a fluorescent microscope (FACSCalibur; Becton-Dickinson, San Jose, CA, USA).
Reverse transcription-polymerase chain reaction (RT-PCR).
Total RNA was extracted from the cells using TRIzol reagent (Invitrogen, Grand Island, NY, USA). RNA (1 µg) was reverse transcribed into cDNA according to the manufacturer's instructions. The DNA bands were analyzed by gel electrophoresis (1.5% agarose) and examined using a Gel Documentation System (Bio-Rad, Hercules, CA, USA), subsequently normalized to that of β-actin. Primer sequences were as follows: Binding protein (Bip) forward, 5'-ATC AAC CCA GAT GAG GCT GTA GCA-3' and reverse, 5'-AGA CCT TGA TTG TTA CGG TGG GCT-3'; Atf4 forward, 5'-AAT GGC TGG CTA TGG ATG GG-3' and reverse, 5'-TGT CTG AGG GGG CTC CTT ATT AG-3'; X-box binding protein-1 (Xbp1) forward, 5'-AGC ATA GGC CTG TCT GCT TCA CTA-3' and reverse, 5'-TGG TAA AGT CCA GCA CTT GGG AGT-3'; Xbp1s forward, 5'-TCT GCT GAG TCC GCA GCA GG-3' and reverse, 5'-CTC TAA GAC TAG AGG CTT GG-3'; Bax forward, 5'-GGC GAT GAA CTG GAC AAC-3' and reverse, 5'-TCC CGA AGT AGG AAA GGA G-3'; Bcl-2 forward, 5'-TGG CAT CTT CTC CTT CCC-3' and reverse, 5'-GGT ACA TCT CCC TGT TGA CG-3'; caspase-9 forward, 5'-GCC TCA TCATCA ACA ACG-3' and reverse, 5'-CTG GTA TGG GAC AGC ATC T-3'; caspase-3 forward, 5'-GGA CCT GTG GAC CTG AAA-3' and reverse, 5'-GGG TGC GGT AGA GTA AGC-3'; and β-actin forward, 5'-GAG AGG GAA ATC GTG CGT GAC-3' and reverse, 5'-CAT CTG CTG GAA GGT GGA CA-3' .
Western blot analysis. Total protein was extracted from cells using radioimmunoprecipitation assay buffer, and protein concentrations were measured using a bicinchoninic acid kit. An equal amount of protein was separated by electrophoresis on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and was transferred onto PVDF membranes. Following blocking with 5% non-fat milk, membranes were incubated with primary antibodies against Bip, Atf4, C/EBP-homologous protein (Chop), Xbp1, Bax, Bcl-2, caspase-3 and -9 (Cell Signaling Technology, Inc., Beverly, MA, USA) or β-actin (Santa Cruz Biotechnology, Inc., Dallas, TX, USA) at 4˚C overnight followed by a horseradish peroxidase-conjugated secondary antibody (Zhongshan Goldenbridge Biotech, Beijing, China). ECL was used to make the blots visible, and blots were quantitated using a Bio-Rad Chemi Doc XRS + (Bio-Rad), normalizing to that of β-actin.
RT-quantitative (q) PCR. RT-qPCR was used to detect the expression of miR-34a. Total RNA was isolated according to the manufacturer's instructions for the mirVana™ isolation kit (Invitrogen, Life Technologies). Reverse transcription was performed with the TaqMan microRNA reverse transcription kit and miRNA specific stem-loop RT primers (both from Applied Biosystems, Foster City, CA, USA). The expression of miR-34a was confirmed by the TaqMan Universal PCR Master mix according to the manufacturer's instructions using a 7500 Real-time PCR System (both from Applied Biosystems). Fold changes were calculated by the formula 2 -ΔΔCt relative to the expression in untreated cells and U6 was the endogenous control (18) .
Statistical analysis. Data was analyzed by one-way analysis of variance or Student's t-test using SPSS 19.0 software (IBM Corp., Armonk, NY, USA) and expressed as mean ± standard deviation from at least three independent experiments. P<0.05 was considered to indicate a statistically significant difference.
Results
Quality control of DHJSD. UV is used for content determination of one type of material, which contains some of the same functional groups and has the same absorption wavelength in the UV spectrum. According to the regression equation of the glucose standard solutions (Fig. 1A) and osthole standard solutions (Fig. 1B) , the contents of polysaccharides and coumarins were 1.69% and 0.0204%, respectively. The extract quality of DHJSD could be controlled in this way.
Morphology and identification of chondrocytes.
The morphology of newly isolated chondrocytes was small, round and floating in the medium, and after a few days culture, chondrocytes were connected during growth and showed an irregular paving stone shape with clear boundaries and distinct nuclei (17, 19, 20) (Fig. 2) . Type II collagen has been identified as the characterized form of collagen in articular cartilage, whereas proteoglycans provide the function of articular cartilage. To characterize the chondrocyte, the P2 chondrocytes cultured for 3 days were examined by type II collagen immunohistochemical staining and toluidine blue staining. The results showed that the brown-stained cytoplasm represented a positive expression of type II collagen, while the negative control did not stain brown by immunohistochemical staining, and red/purple particles in the cytoplasm represent proteoglycans by toluidine blue staining (21) (Fig. 3A-C) . P2 chondrocytes are rich in ECM and show a typical morphology of chondrocytes, and therefore, P2 chondrocytes were used in the subsequent experiments.
DHJSD enhances the viability chondrocytes exposed to TM. The effects of DHJSD on TM-exposed chondrocytes were evaluated by MTT assay. TM-exposed chondrocytes were treated with various concentrations of DHJSD for different times. The results showed that the viability of the TM-exposed chondrocytes was significantly lower than that of the untreated cells (P<0.01), and the viability of TM-exposed chondrocytes treated with DHJSD was higher than that of the TM-exposed chondrocytes (P<0.01 and P<0.05) (Fig. 4A) . The viability of TM-exposed chondrocytes treated with 200 µg/ml DHJSD for 24 h was higher than that of the 12-and 48-h treatment (P<0.01 and P<0.05) (Fig. 3B) , suggesting that DHJSD enhanced TM-exposed chondrocyte viability in a dose-and time-dependent manner. Therefore, 200 µg/ml DHJSD for 24 h was used in the following experiments.
DHJSD inhibits morphological changes in chondrocytes exposed to TM. The morphological changes of TM-exposed chondrocytes treated with or without DHJSD or PBA (Sigma-Aldrich) were observed by phase-contrast microscope (Fig. 5) . The morphology of the untreated cells exhibited a healthy status, while TM-exposed chondrocytes presented more apoptotic cells that detached from each other and became bright, elongated and shrunken, or floated in the medium compared to that of the TM-exposed chondrocytes treated with DHJSD or PBA. DHJSD reduces the apoptosis of TM-exposed chondrocytes. To examine whether DHJSD enhanced TM-exposed chondrocyte viability by inhibiting apoptosis, the cells were determined by DAPI staining. The apoptotic cells exhibited typical changes, such as staining bright blue and condensed or fragmented nucleus. The typical changes were more observable in the TM-exposed chondrocytes than that of the TM-exposed chondrocytes treated with DHJSD or PBA (Fig. 3D-G) .
DHJSD inhibits ER stress in induced by chondrocytes.
To explore the role of DHJSD in chondrocytes of ER stress, the mRNA and protein expressions were examined by RT-PCR and western blot analysis, respectively. The results showed that the mRNA expression levels of Xbp1 and Xbp1s were increased, and the mRNA expression levels of Bip, Atf4 and Chop were decreased in TM-exposed chondrocytes treated with DHJSD or PBA compared to that in the TM-exposed chondrocytes (P<0.01 and P<0.05) (Fig. 6A-F) . The protein levels were similar to their respective mRNA expressions (P<0.01 and P<0.05) (Fig. 7A-E) , suggesting that DHJSD regulated ER stress in TM-exposed chondrocytes.
ER stress is known to induce the dysfunction of mitochondria, leading to caspase activation and subsequent apoptosis (22) . A hallmark of apoptosis is the activation of caspases and the Bcl-2 family has a crucial role in regulating their engagement under ER stress (23) . Bcl-2 antagonizes whereas Bax promotes ER stress-induced mitochondrial cytochrome c release and caspase activation to induce apoptosis (24) . To gain insight into the mechanisms responsible for DHJSD on the apoptosis of TM-exposed chondrocytes, Bax, Bcl-2, caspase-9 and caspase-3 mRNA and protein expressions were detected by RT-PCR and western blot analysis, respectively. The results showed that the expression of Bcl-2 was increased, and the expression levels of Bax, caspase-9 and caspase-3 were decreased in TM-exposed chondrocytes treated with DHJSD or PBA compared to that in the TM-exposed chondrocytes (P<0.01 and P<0.05) (Fig. 6A and G-J) . The protein levels were similar to their respective mRNA expression levels (P<0.01 and P<0.05) (Fig. 7A and F-I ), indicating that DHJSD inhibits apoptosis of TM-exposed chondrocytes by regulating ER stress.
DHJSD inhibits ER stress in the TM-exposed chondrocytes
by downregulating miR-34a. miRNAs, a class of endogenous non-coding RNAs, regulate gene expression by binding to the 3'-untranslated region in their target mRNAs, resulting in either translational repression or degradation of target mRNA expression. To explore the mechanisms of DHJSD on the apoptosis of TM-exposed chondrocytes, the miR-34a expression was analyzed by the TaqMan microRNA assay. The results showed that the expression of miR-34a was downregulated in the TM-exposed chondrocytes treated with DHJSD or PBA compared with that in the TM-exposed chondrocytes (P<0.01) (Fig. 8) , implying that DHJSD inhibits ER stress TM-exposed chondrocyte apoptosis by downregulating miR-34a.
Discussion
Natural products have been proved effective in treating OA by decreasing joint pain and dysfunction, and preventing and delaying the cartilage degeneration (25, 26) . DHJSD contains a number of natural products with numerous chemical compounds that have been deemed to have multi-target agents and multi-components exerting their therapeutic function. However, the biological mechanisms of how DHJSD improves the clinical consequences of OA are not fully understood. The present results verified that DHJSD has multiple pathways to inhibit chondrocyte apoptosis.
To control the extract quality of DHJSD, UV was used to test the glucose and osthole concentrations, which belongs to polysaccharides and coumarins, respectively. Therefore, the extract quality of DHJSD was insured every time in the present study. The chondrocytes were identified by type II collagen immunohistochemical staining and toluidine blue staining, and the results indicated that the chondrocytes cultured in vitro can be established.
TM, an ER stress inducer, is an inhibitor of N-linked glycosylation and the for mation of N-glycosidic protein-carbohydrate linkages (27) . Therefore, TM-exposed chondrocytes were used as the ER stress apoptosis model. The effect of DHJSD on the viability of TM-exposed chondrocytes was examined by the MTT assay, and the results revealed that DHJSD increased cell viability. In addition, PBA, an ER stress inhibitor, aids in protein folding at the molecular level and prevents misfolded protein aggregation. Therefore, PBA was used as a positive control and the morphology changes of TM-exposed chondrocytes showed that TM-exposed chondrocyte survival could be enhanced by DHJSD or PBA. For further study, DAPI staining was used to explore whether DHJSD increased TM-exposed chondrocyte viability and enhanced TM-exposed chondrocyte survival by inhibiting apoptosis, and the results showed that DHJSD or PBA reduced TM-exposed chondrocyte apoptosis. It remains to be determined whether DHJSD reduced TM-exposed chondrocyte apoptosis by regulating ER stress.
The ER is a sophisticated lumen where protein synthesis, folding and maturation occur. Perturbation of these processes in the pathological states results in ER stress, and activate a complex signaling network (28) . Bip, an ER chaperone protein, alleviates ER stress and maintains ER function by binding to the incompletely folded proteins or are unfolded to prevent the interaction of these proteins with surrounding molecules, and whose expression induces ER stress (29) . During ER stress, Bip away from the UPR sensors Perk (the first responses of the cell to ER stress), Atf6 and Ire1, results in the three sensors phosphorylation (27) . Perk is responsible for phosphorylating the translation initiation factor, eIF2α, that enhances the translation of Atf4 (30) . Atf4 induces the pro-apoptotic events by activating Chop, a key factor of ER stress, whose overexpression evokes cell apoptosis (31, 32) , and all the three sensors phosphorylation can induce transcription of Chop in response to ER stress. By contrast, upon activation of the UPR, Ire1 autophosphorylation activates and serves as endoribonuclease, which removes 26 ribonucleotides from the Xbp1 mRNA that undergoes transcription by Atf6 activation, allowing production of the Xbp1 protein into Xbp1 spliced form (Xbp1s) mRNA to generate a more potent transcription factor, Xbp1s, a key transcriptional regulator that restores ER function by refolding or reducing misfolded proteins that have accumulated in ER lumen (33) . The present results showed that DHJSD or PBA regulated ER stress by decreasing Bip, Atf4 and Chop, and helped to restore ER function by increasing Xbp1 and Xbp1s.
Mitochondria are recognized as the central regulator of apoptotic cell death, and ER-mitochondrial cross talk may mediate stress signals between these compartments (34) . Accumulating evidence indicates that ER stress results in apoptosis by regulating the Bcl-2 family proteins that regulate the release of calcium from the ER and the release of pro-apoptotic factors from mitochondria (35) (36) (37) . Bax, one of the Bcl-2 family proteins is recruited to the ER surface and the mitochondria to induce apoptosis, whereas the anti-apoptotic Bcl-2 can prevent ER stress-mediated apoptosis (36) . Bax and pro-apoptotic Bcl-2 are switched on by the Ire1 pathway, and Chop can repress the pro-survival gene Bcl-2 (38) (39) (40) . Caspases, a family of cysteine proteases, act as common death effector molecules in various forms of apoptosis and are involved in initiating and completing the final execution of the cell (32) . Caspase-12 is important in the context of ER stress-mediated apoptosis and its activation cleaves pro-caspase-9, which in turn activates caspase-3, thus leading to cell death (41) . The present results demonstrated that DHJSD or PBA inhibited ER stress apoptosis by increasing Bcl-2, whereas decreasing Bax, caspase-9 and caspase-3. miRNAs regulate protein expression by degrading target mRNA or inhibiting translation, resulting in complementary matching between miRNAs and specific sites in target mRNAs (42) , correlate with human disease and have a potential as therapeutic targets (43) (44) (45) . Emerging evidence suggests miRNAs control the balance of pro-survival and pro-apoptotic signals by acting at different steps in each arm of the pathway to regulate ER stress (46) . To identify the possible mechanisms, the expression of miR-34a was examined by RT-qPCR and results showed that miR-34a was markedly downregulated in TM-exposed chondrocytes treated with DHJSD or PBA.
In conclusion, the present results expand the significant roles of DHJSD in reducing chondrocyte apoptosis by inhibiting the ER stress apoptotic pathway, suggesting it may be a potential drug for the treatment of OA. However, due to the limitations in vitro and the exact mechanism implicated in the regulation of ER stress in chondrocyte by DHJSD remains unclear. Further studies are required to confirm the effects in vivo, and a small interfering RNA inhibitor could be used to confirm the precise mechanisms.
